Purpose The objective of this study was to evaluate a panel of three sperm function tests; tests known to assess different aspects of sperm functionality and genomic integrity, the: 1) Sperm DNA Accelerated Decondensation (SDAD TM ) Test, 2) Sperm DNA Decondensation (SDD TM ) Test, and 3) Sperm Penetration Assay (SPA), determining if positive and negative test scores correlated with failed and successful ICSI outcomes, respectfully. Methods A prospective, double blinded, cohort study was performed. One study sample (ejaculated semen) was collected by each of the 60 male partners of the 60 couples enrolled in the study; males whose female partners were found to have no major female factor issues. The sperm from each male was analyzed in the SPA, and SDAD and SDD Tests, and used for ICSI (1 ICSI cycle per couple). Results The ICSI cycle pregnancy rate for this study was 50 %, with a delivery rate040 % (n060 ICSI cycles). The SPA and SDD Test scores did not significantly predict ICSI outcome when used as stand-alone tests (p>>0.05). However, when the SPA and SDD Test scores were used together, ICSI outcomes for a subgroup of 10 (16.7 %) males, were significantly predicted (p00.03), with 1 live birth, and 9 negatives where the transferred embryos did not implant. In total, 38.4 % of the couples in this study were found to have a very poor chance for a successful ICSI cycle. Conclusion SDAD Test scores alone, and SPA and SDD Test scores used together, significantly predicted failed ICSI outcomes. This indicates that the scores obtained when analyzing patients' sperm using a panel of sperm function tests; specifically, the SPA, and SDAD and SDD Tests, can be used to identify infertile couples who should not be directed to ICSI.
Brown, the first in vitro fertilization (IVF) baby was born. As clinics all over the world began using IVF to treat infertile couples, specifically treating tubal infertility, it was noted that when using sperm from males with abnormal semen parameters, that fertilization rates were not predictable, with reported failure rates of 40 % or higher [18] . The evaluation of male fertility based only on sperm concentration, motility and morphology [54] began to be questioned.
When IVF babies became a reality in the late 1970s, and intracytoplasmic sperm injection (ICSI) babies followed in the early 1990s [42] ; this stimulated a rapid increase in the use of ART throughout the past decade including use of intrauterine insemination (IUI), in vitro fertilization (IVF), and/or intracytoplasmic sperm injection (ICSI; [8, 20] ). However, once again, the use of updated traditional semen parameters described in the 5th edition of the 1987 World Health Organization manual on semen analysis [55] , have not been useful predictors of infertility [11, 26] , with limited utility for directing couples to appropriate ART including: IUI, IVF-ET, or ICSI [17, 39] .
As use of ART has been steadily increasing, there is a need for new tests, and re-evaluation of older tests that evaluate the integrity of the sperm DNA, and the many sperm functions required for the fertilization of the oocyte, and the post-fertilization events that must occur for the fertilized egg to have a live birth outcome; tests with capacity to predict the 'best' ART for a couple based on their infertility profile [17, 30, 40, 51] . Of the many DNA integrity tests developed in the past decade, only the sperm chromatin structure assay (SCSA TM ) first described by [21] , has the capacity to predict IUI outcome, but not IVF or ICSI outcome [16, 17] .
While DNA integrity tests were being developed and tested for capacity to predict ART outcomes, sperm function tests were also being developed with the same goal. Two such sperm function tests; the Sperm Penetration Assay; SPA [46] , and the Sperm DNA Decondensation (SDD TM ) Test [13, 14] , were developed and tested for capacity to predict ART outcome.
In 1976, Yanagamachi and colleagues demonstrated the ability of human sperm to bind and penetrate the zona-free hamster oocyte [56] . After removal of the zona pellucida, hamster oocytes lose their species specificity with regards to human sperm [57] . Soon thereafter, these findings led to the development of a human male fertility test; the Sperm Penetration Assay (SPA) that was shown to have use in predicting the fertilization potential of human sperm to fertilize human oocytes [46] . The SPA evaluates aspects of the ability of human sperm to complete certain processes necessary to achieve fertilization using zona-free hamster oocytes. These processes include capacitation, proacrosin/acrosin conversion, nuclear (chromatin) decondensation, acrosome reaction and sperm-oocyte fusion [9] .
Many studies have found significant correlation between SPA results and pregnancy outcome with IVF or controlled ovarian hyperstimulation [27, [35] [36] [37] . However, several investigators have noted that false positive results are a problem in the SPA. A number of sperm samples prepared with chymotrypsin (a proteolytic enzyme) have an increased penetration rate in the SPA. Likewise, when sperm are processed with a gradient as described in Materials and Methods, an increase in penetration rate in the SPA is seen that in effect eliminates approximately 80 % of the false positive results (unpublished data). The true positive SPA appears to correlate with pregnancy outcome with IUI and IVF [35] [36] [37] .
The Sperm DNA Decondensation (SDD TM ) Test is a trademark name for the part of the Human Sperm Activation Assay sperm chromatin decondensation event; one of several sperm activation events that are assessed in vitro by incubating permeabilized human sperm in frog egg extract mimicking the environment the sperm nucleus would enter post-fertilization [13, 14] . The SDD Test assesses the sperms capacity to reformat the DNA after entering an ovum [13, 14] . This event is a critical step in fertilization, during which protamine disulphide bonds are reduced to SH and the polycationic protamines combine with the polyanionic egg protein, nucleoplasmin, thus being stripped from DNA; DNA that then combines with histones, allowing the formation of a pronucleus. As the DNA decondenses, the DNA is reformatted such that upon combining with the female's DNA during syngamy, and cleavage, resulting in a 2-cell stage embryo and the developmental program set in motion [33] .
It is important that the tests chosen for the panel have utility in evaluating the male's overall reproductive health that can be negatively affected by exposure to a wide variety of agents including: drugs, oxidative stress, cigarette smoking, environmental toxins, and even use of cell phones [1, 2, 4, 6, 7, 50] . Males have a complete turnover of their sperm every 3 months. If the couple's infertility is male factor related; and identified during the male fertility work-up, many male reproductive challenges are reversible, and can be corrected in 3 months by removing the male from exposure to reproductive toxicants, or by a change in life style, or in the case of oxidative stress given a daily dose of antioxidants [3] .
The SDD Test has been applied successfully using both human and rat sperm to detect damage by environmental toxicants, specifically, alkylating agents. The SDD Test was used to evaluate effects of alkylating agents on sperm from a fertile male exposed in vitro to alkylating agents as compared to the normal decondensation observed in untreated sperm from the same male. The SDD Test was also used to evaluate effects of cyclophosphamide, an alkylating agent known to adversely affect male fertility, on sperm from untreated and treated rats. Both, in vitro or in vivo exposure of sperm to alkylating agents significantly diminished sperm DNA decondensation [48, 49] .
When evaluating if the SDD Test would also have utility in assessing the effects of in vitro exposure of normal sperm from fertile males to oxidative stress (reactive oxygen species; ROS), unlike what was found for alkylating agent exposure, sperm DNA decondensation was found to be significantly accelerated; not diminished [52] . The SDD Test that measures delayed or blocked decondensation was modified as described in the Materials and Methods section to measure accelerated sperm DNA decondensation. This new sperm function test, a novel test for sperm with ROS damage, is called the Sperm DNA Accelerated Decondensation (SDAD TM ) Test. In a recent report, data was presented showing a significant increased risk of birth defects in the offspring from couples who had successful ICSI attempts at pregnancy; a risk not found for the offspring from couples with successful IUI, and/or IVF-ET attempts at pregnancy [19] . This supports using clinically relevant sperm function tests pre-ART; tests performed to detect males producing sperm with compromised functionality and/or genomic integrity. Without such pre-ART testing, especially in the cases of IVF and ICSI attempts at pregnancy, the laboratory will be providing the treating physician with what appear to be viable embryos for transfer; embryos that will not develop to term. Unlike the DNA integrity tests, the SPA, and SDD Test tests predict IUI and IVF-ET outcomes [13, 14, 35, 36] . The SDAD and SDD Tests, and the SPA are sperm function tests that analyze the sperm parameters related to overall sperm functionality as well as genomic integrity, in a physiologically relevant environment.
Based on the differences between sperm function and DNA integrity testing, the hypothesis tested in this study was that the SPA, and SDAD and SDD Tests would predict ICSI outcome. The SDAD Test scores were found to significantly predict ICSI outcome. When the SPA and SDD Test were evaluated as stand-alone tests, the SPA and SDD Test scores did not predict ICSI live birth outcome in couples with normal SDAD Test scores. However, when the SPA and SDD Test scores were used together, ICSI outcome for a subgroup of these couples could be predicted. This has far reaching implications for taking a panel approach when determining infertile couples' treatment paradigms.
Materials and methods

Study design: a double blinded prospective study
Infertile Couple Selection 60 infertile couples with no major female factor, who met all inclusion criteria had a semen sample analyzed in the SPA, SDD and SDAD Tests; the same sample that was be used in an ICSI attempt at pregnancy. Patients were recruited for the study under an IRB approved protocol. 
Inclusion criteria
Blinding and Unblinding the Study
All samples sent to Repromedix for analysis in the SDD and SDAD Tests, were double blinded at the ART Fertility Program of Alabama clinic. The data collected at the ART Fertility Program of Alabama clinic, and at Repromedix were combined and tabulated on an excel spread sheet for statistical analysis (See Below), after un-blinding patient results 13 weeks after the ICSI attempt at pregnancy. Only the patient's initials and date of birth information were provided to Repromedix for accessioning samples, tracing, and recording patient results. After unblinding the study, the patients' pregnancy outcomes and child assessment results were disclosed to Repromedix as soon as the results were available; results used in the comprehensive statistical analyses described below.
SPA
The SPA was performed as a modified version of the Johnson et al. [27] protocol as described below.
Semen Preparation Semen was washed and passed through a gradient of ALGrad TM 90 %, to separate the human sperm cells from dead sperm, debris, and other sperm cells, following the manufacturer's instructions (LifeGlobal, an IVF Online company, www.ivfonline.com). The 'best' sperm from the gradient were resuspended in sperm wash medium, and diluted 1:1 with Test Yolk Buffer (TYB).
The sperm/TYB mixture was slowly cooled to 2-8°C and stored at this temperature for 2-3 days. Then, sperm wash medium at 37°C was added to the cold sperm/TYB mixture, providing a thermal shock. After the sperm/TYB was incubated for 30 min at 37°C, the mixture was centrifuged for 10 min at 600 g. The supernatant was removed, up to 1.0 mL sperm wash medium added, and the sperm allowed to incubate for 60 min at 37°C. The sample was then assessed for motility, and the concentration adjusted to 5million total motile sperm/ml. Controls For each assay, one negative and one positive (as previously determined) control were run in parallel with the samples from the patients enrolled in the study.
Ova Preparation Frozen hamster ova were utilized for the SPA. Straws containing ova were thawed at RT for 2 min in a horizontal position. The straws are then shaken at the crimped end to vigorously mix the sucrose column with ova. The straws were then incubated, cotton end down, in a 37°C water bath for 3 min followed by 3 min at RT, cotton end up. Using a pushrod, the ova were then dispensed into a 35 mm culture dish and washed 2X in sperm wash medium. The ova were transferred to fresh sperm wash medium to rest for 10 min at RT. The ova were then washed 3X in trypsin (1 %) and incubated at RT in the 3rd trypsin drop until the zona was almost depleted (<5 min). The ova were then washed twice in sperm wash medium. The ova were then transferred to fresh sperm wash medium to rest for 5 min at RT.
Sperm/Ova Incubation and Scoring Six -seven ova were placed into each of two 100 ul drops of sperm wash medium covered with oil containing 250,000 total motile sperm and allowed to incubate for 3.5 h at 37°C. After incubation, the ova were washed in sperm wash medium to dislodge any loosely bound sperm. The ova were then placed on a microscope slide with cover slip applied so to flatten the ova for penetration assessment. The number of penetrations were counted (a clear zone with discernible tails), and the Sperm Capacitation Index (SCI) calculated by dividing the total number of penetrations by the total number of ova scored.
SDAD and SDD Tests
The SDAD and SDD Tests were performed following the published protocols [13] [14] [15] .
Semen sample aliquots were kept in a refrigerator at 2-8°C, until shipped to Repromedix overnight, non-frozen, using a cold pack shipper no later than 9 days after the sample collection date. The samples were analyzed in the SDAD and SDD Tests within 14 days after sample collection as described below. In previous studies [13, 14] ; unpublished QC data), and in this study (see Results: Reproducibility of the SPA, SDAD and SDD Tests), it was determined that fresh samples were not needed for analysis in either the SDAD or SDD Tests, as samples could be analyzed at any time up to 1 month post-sample collection without a significant change in the test results obtained.
Egg Extracts Female Xenopus Laevis Oocyte positive frogs were maintained at Repromedix and the frog egg extracts prepared every 6 weeks. The extracts were immediately 'snap' frozen in liquid N2 (LN) for storage until thawed immediately before performing the sperm DNA decondensation tests.
Performing the SDAD and SDD Tests For each patient sample, 2 million sperm were washed and then permeablized with lysolecithin. After 4 extensive washes with special buffers, the sperm were treated with dithiotreitol (DTT)-containing buffer. The treated sperm were then incubated with frog egg extract in a sealed 0.5 ml plastic tube at room temperature (22°C), to induce sperm DNA decondensation.
After a 5 min incubation (SDAD Test), and a 15 min incubation (SDD Test) of permeabilized sperm mixed with frog egg extract, an aliquot of sperm-egg extract mixture was removed from the incubation tube, and placed on a glass slide, and a coverslip was placed on top of the aliquot. During a 5 min window, 50-100 sperm were scored in real time using phase contrast microscopy. The percentage of fully decondensed sperm was determined for sperm from a fertile male negative control sample, and at 5 min (SDAD Test; routinely 70.9±2 % (SD) were fully decondensed), and at 15 min (SDD Test; 95.0±1.42 % (SD) were routinely fully decondensed). This is repeated for each patient sample, and the patient results reported as % of the fertile male negative control sperm that were fully decondensed at 5 min (SDAD Test score), and 15 min (SDD Test score). Note: patients with accelerated DNA decondensation, the % of fully and hyper-decondensed was determined. Controls For each test one negative control and one positive control was run in parallel with the patient study samples analyzed during each run. The negative control specimen was from a fertile male, and was stored in a refrigerator for up to 1 month with insignificant variance in both the SDAD and SDD Test scores (See Results). A positive control sample was analyzed for each SDAD and SDD Test run, using a patient sample determined to have a positive SDD Test score, and a normal SDAD Test score in a previous run. These samples were stored in a 4°C refrigerator for up to 1 month before analyzing in the SDAD and SDD Tests, with no significant difference found between the initial test scores obtained that identified the positive control sample, and the test scores obtained on Weeks 1-4 when used as the positive control before analyzing the patients' samples (data not shown).
SDAD
ICSI
Thawed frozen aliquots of the same sperm samples analyzed in the SPA, and SDAD and SDD Tests, were processed using the density gradient described above, and conventional ICSI performed for each of the 60 couples enrolled in the study. The live birth rate obtained using frozen sperm (study samples) was 40 %; the same live birth rate obtained for the clinic's patients when using fresh sperm, excluding the possibility that the results observed during this study were influenced by the use of sperm that had been frozen before use in ICSI cycles.
Photography
All photographs were taken using phase contrast microscopy in real time using a 40X phase contrast objective, and a Nikon Cool Pix 4500 digital camera. The Nikon View Imaging software was used to prepare the microscopic images shown in Figs 
Statistical Analysis
Data presented in the Results section, were analyzed using SAS (Version 9, SAS Institute, Inc., Cary, NC 
Results
Determining if the SDAD test, SDD test, and/or SPA have utility in predicting ICSI outcome: study overview A prospective, double blinded, cohort study was performed. A total of 70 couples were enrolled in the study who met all inclusion criteria described in Materials and Methods, with the female blood work-up pending. Both semen from the male, and blood samples from the female, for all 70 couples, was analyzed as described in the Materials and Methods. The female was tested for inflammatory, autoimmune, and coagulation blood abnormalities known to be indicators of female factor related infertility. Two couples withdrew before having an ICSI attempt at pregnancy. Upon receiving the blood results, couples where the female was found to have female factor related infertility were excluded from the study, thus minimizing failed ICSI attempts at pregnancy related to female factor issues. A total of 60 couples met all inclusion criteria; couples with minimal female factor issues. The sperm from each semen sample from the 60 males in the study, were analyzed in the SPA, and SDAD and SDD Tests, and were also used in one ICSI cycle per couple as described in the Materials and Methods section. Data was collected and evaluated testing the hypothesis: positive and negative SPA, SDAD and SDD Test results significantly correlate with failed or successful ICSI outcomes, respectively. For the 60 ICSI cycles performed, the cycles were grouped according to the SCI scores obtained when analyzing gradient purified sperm in the SPA; abnormal (SCI<14) or normal (SCI≥14). The SDAD Test Scores were grouped as: abnormal (SDAD scores ≥120) or normal (SDAD scores <120). The SDD Test Scores were grouped as: abnormal (SDD scores<80) or normal (SDD≥80). Both the SPA and SDD Test normal cut-off scores were determined using previous outcome data from cycles other than ICSI, including IVF and IUI [2, 13, 14, 35] . The rationale for the SDAD cut-off value of 120 was based on using a SDAD Test score cut-off value of 118 and 120, where 2 or 0 false positives were found when SDAD Test scores were≥118 or≥120, respectively. The p value for the 118 cut-off value was significant (< 0.05), with a significant positive predictive value (PPV) of 86.7 % ( Table 1 ). The cutoff chosen for this study was 120 where there were no false positives; this being the most stringent cut-off value with a 100 % PPV for ICSI failure (true positives), and a 100 % specificity for live birth outcome (true negatives; Table 1 ).
Determination of SPA (SCI) Scores
For each of the SPAs performed during the study, gradient prepared 'best' sperm from a positive and negative control sample, and from the study sample were obtained. The 'best' positive and negative control sperm were run in parallel with the 'best' sperm from males enrolled in the study, and the SCI determined as described in Materials and Methods.
Determination of SDAD (5 min) and SDD (15 min) test scores
Permeabilized sperm from a fertile male, and from each of the 60 patients enrolled in the study, were incubated in egg extract for 5 min (SDAD Test), and 15 min (SDD Test). Aliquots were taken at each time point, wet mounts prepared, and the % of fully decondensed sperm nuclei determined scoring 50-75 sperm nuclei in a 5 min window, using phase contrast microscopy. The SDAD and SDD Test scores were then calculated as described in Materials and Methods. (Fig. 2) ; with a normal SDD Test score≥80 % of the negative control after a 15 min incubation in egg extract. Panels a and b: Fully decondensed sperm nuclei, and variable recondensation (99.7 % of the negative control). Panel c: Typical very hyper-decondensed sperm nucleus; such sperm nuclei were never observed to recondense. Note: these sperm are always very phase light with little contrast
SDAD Test (5 min incubation in egg extract)
Throughout the course of this study, the % of fully decondensed fertile male sperm nuclei (negative control) was determined in each of the 41 SDAD Tests performed, before analyzing the patient samples. The average SDAD Test score was 70.9±2 % SD of the negative control sperm with fully decondensed nuclei, with 29.1 % of the nuclei partially decondensed. Typical examples of the partially and fully decondensed negative control sperm nuclei scored are shown in Fig. 1 .
Typical phase contrast microscopic images of the sperm nuclei scored when determining the SDAD Test score of a patient positive for accelerated DNA decondensation are shown in Fig. 2 . The % of fully and hyper-decondensed sperm nuclei was determined for each patient sample after 5 min incubations in egg extract. The SDAD Test score was determined and presented as % of the negative control. Patients positive for accelerated DNA decondensation had fully and hyper-decondensed sperm nuclei≥120 % of the negative control with fully decondensed sperm nuclei after a 5 min incubation in egg extract.
In this study, 13 of the 60 patients had positive SDAD Test scores≥120 % of the negative control. Accelerated DNA decondensation, hyper-decondensed sperm nuclei, the nondecondensed sperm (Panel a), and the clumped decondensed sperm nuclei (Panel d), are believed to be related to reactive oxygen species (ROS) sperm damage (See Discussion).
Does the SDAD test have utility for predicting ICSI outcome?
SDAD test results (n060)
Live birth outcomes of the 13 patients with abnormal SDAD Test scores≥120 % of the negative control (13 of 60 cycles; 129.0±6.3 % SD), as compared to live birth outcomes of the 47 patients with normal SDAD Test scores<120 % of the negative control (47 of 60 ICSI cycles; 75.9±25.3 % SD) are shown in Table 2 . The delivery rate (DR) was 0.0 % when SDAD Test scores were≥120 % of the negative control, vs. 40.0 % when SDAD Test scores were<120 % of the negative control. The positive predictive value (PPV; true positives) for failed ICSI attempts at pregnancy0100 % (PPV; p00.001); with a negative predictive value (NPV) for false positives051.0 %. The sensitivity (false negatives) and specificity (true negatives) was 36.1 % and 100 %, respectively ( Table 2) .
The SDAD Test is:
1) Highly predictive of true positives (PPV), 2) Highly predictive of true negatives (specificity), 3) Not predictive of false positives (sensitivity), or false negatives (NPV).
When weighting sensitivity and NPV, you must consider the overall delivery rate that in this study was 40 %. Both sensitivity and NPV are expected to be low as 36 (60 %) of the 60 ICSI attempts at pregnancy failed, 13 being true positives, with 23 falling within the range of expected failures based on the success rate of the procedure, i.e., a low sensitivity.
SDD Test (15 min incubation in egg extract)
For each of the 41 SDD Test runs performed for this study, before analyzing the patient sample(s), a SDD Test score was determined for a fertile male negative-and patient (previously determined) positive-control sperm sample as described in Materials and Methods. After 15 min incubations in egg extract, 95±1.4 % SD of the negative control sperm nuclei were fully decondensed. Less than 80 % of the positive control sperm nuclei were fully decondensed. Patient samples were analyzed only after determining that the negative and positive control samples had≥92 % and<80 % fully decondensed sperm nuclei, respectively. The % of fully decondensed sperm nuclei was determined for each patient sample after 15 min incubations in egg extract. The SDD Test score was determined and presented as % of the negative control. Typical examples of negative control sperm nuclei that were scored are shown in Fig. 3b . Typical examples of patient sperm nuclei scored as not decondensed (ND), partially decondensed (PD), or fully decondensed (FD) when SDD Test scores were positive (< 80 % of the negative control with fully decondensed sperm nuclei), are shown in Fig. 3c .
Interestingly, when determining the SDD Test score for the patient with an abnormal SDAD Test score of 124.7 % of the negative control with fully and hyper decondensed sperm nuclei (Fig. 2) ; after a 15 min incubation in egg extract, this patient's SDD Test score was normal (99.4 % of the negative control). A typical example of a fully decondensed sperm nucleus is shown in Fig. 4a . Patients with accelerated decondensation also had accelerated recondensation (Fig. 4b) , and in some cases hyper-decondensed sperm that never recondensed (Fig. 4c) , after 15 min incubations in egg extract.
In this study:
1) Patients with abnormal SDD Test scores<80 % of the negative control had normal SDAD Test scores<120 % of the negative control. 2) Patients with abnormal SDAD Test scores≥120 % of the negative control had normal SDD Test scores≥80 % of the negative control.
Are SPA, or SDD test scores predictive indicators of ICSI outcome?
SDD test results (n060)
Outcomes of ICSI cycles using sperm from patients with abnormal SDD Test scores <80 % of the normal control (64.3±7.3 % SD) with fully decondensed sperm nuclei, as compared to ICSI outcomes using sperm from patients with normal SDD Test Scores≥80 % of the normal control (93.0± 6.9 % SD) were determined. The delivery rate (DR) was 40.0 % (scores<80) vs. 40.0 % (scores≥80) with a positive predictive value (PPV; true positives) for failed ICSI attempts at pregnancy060 % (PPV; (p00.727); with a negative predictive value (NPV) for false positives037.8 %. The sensitivity (false negatives; live birth outcomes) and specificity (true negatives; live birth outcomes) were 41.7 % and 58.3 %, respectively (Table 3) .
SPA results (n060)
Outcomes of ICSI cycles using sperm from patients with abnormal SPA (SCI) scores <14 (7.8±4.1 SD), and normal scores of≥14 (21.24±3.21 SD) were determined. The DR was 43.5 % (scores<14) vs. 37.8 % (scores≥14) with a positive predictive value (PPV; true positives) for failed ICSI attempts at pregnancy056.5 % (p00.614); with a negative predictive value (NPV) for false positives058.3 %. The sensitivity (false negatives; live birth outcomes) and specificity (true negatives; live birth outcomes) were 36.1 % and 58.3 %, respectively (Table 3) . Outcomes of ICSI cycles using sperm from patients with abnormal SDD Test scores <80 % of the normal control equaled (64.3±7.3 % SD) with fully decondensed sperm nuclei, as compared to ICSI outcomes using sperm from patients with normal SDD Test Scores≥80 % of the normal control (93.0±6.9 % SD) were calculated. The DR was 40.0 % (scores <80) vs. 40.0 % (scores≥80) with a positive predictive value (PPV; true positives) for failed ICSI attempts at pregnancy060 % (PPV; (p00.727); with a negative predictive value (NPV) for false positives037.8 %. The sensitivity (false negatives; live birth outcomes) and specificity (true negatives; live birth outcomes) were 41.7 % and 58.3 %, respectively (Table 3) . Conclusion: the SPA or SDD Test have limited to no utility as stand-alone tests in predicting ICSI failure or success (Table 3) . Do combined SPA and SDD test scores have utility for predicting ICSI outcome?
The SDD Test and SPA scores were not predictive of failed ICSIs when used as stand-alone tests. This was an unexpected outcome of this study. To explore this further, a new hypothesis was tested: the combined use of SDD Test and SPA scores will predict ICSI outcomes for subgroup(s) of couples once separated from the population of patients for whom ICSI outcomes cannot be predicted. In order to test the hypothesis, the combined data was organized and analyzed as 4 separate groups; Group 1) SDD<80, SPA<14; Group 2) SDD≥80, SPA <14; Group 3) SDD<80, SPA≥14; and Group 4) SDD≥ 80, SPA≥14. The results are presented in Table 4 .
When combined SPA and SDD Test scores were used to group patients into the 4 categories shown in Table 4 , only patients in Category 3 (SPA≥14, SDD<80) had scores that were: 1) Highly predictive of ICSI cycles that will fail (PPV0 90 %; p00.03), 2) Highly predictive of true negatives (Specificity), and 3) Not predictive of false negatives (Sensitivity), or false positives.
Patients in Categories 1 had combined scores with a borderline significance for predicting outcomes. Patients in Categories 2 and 4 had combined SPA and SDD Test scores that were not significant predictors of ICSI outcome (p00.08, and p00.11, respectively).
Reproducibility of the SPA, and SDAD and SDD tests A critical parameter that must be demonstrated when evaluating any fertility test, is the reproducibility of the test. The 3 tests evaluated in this study all provided significant reproducible results.
SPA reproducibility
A quality control (QC) system has been in place since the early 1990s for the optimized sperm penetration assay; developed to provide highly reproducible results that met the strict criteria required for clinical laboratory [28] . This same QC system was in effect throughout the course of the study.
SDAD and SDD test reproducibility
When analyzing study samples in the SDAD and SDD Tests, the established protocol used for the study was same protocol and QC system in place for 4 years for the commercial analysis of patient samples that like the SPA met the criteria for highly reproducible test scores required for obtaining clinical laboratory certification. During the course of the study, a control fertile male sample was collected once a month, and stored at 4°C in a refrigerator for use in the SDAD and SDD Tests when study samples were received and analyzed, and also used as the control sample for the commercial samples being analyzed weekly in the SDD Test. Fresh sperm is not required for performing the SDD Test [13, 14] Throughout the course of the study, the same QC system standards were in place when scoring the 5 min time point (SDAD Test) that were in place for the 15 min time point (SDD Test) as described in Materials and Methods. During the study, the SDAD and SDD Tests were run 41 times using control fertile male samples obtained from 5 different fertile males. For this study, the fertile male control samples used in determining the SDAD and SDD Test scores were used 1-4 weeks post-collection. The average SDAD and SDD Test scores for the fertile male control samples used throughout the course of this study were 70.9±2 % (SD), and 95.0± 1.42 % (SD), respectively (n041 test runs).
The commercial SDAD and SDD Tests are now performed weekly (AndroJek Male Reproductive Health Laboratory, Fort Lauderdale, FL). To demonstrate the reproducibility of SDAD and SDD Test scores, and that there is not a significant difference in test scores when using the fertile male control sample for up to 1 month postcollection, test scores for both tests were determined for 12 semen samples from 3 different fertile males, analyzing either fresh sample, or the same sample stored 2-4 weeks at 4°C, in the SDAD and SDD Tests (Table 5) . This demonstrates the reproducibility of the SDAD and SDD Test scores when analyzing different semen samples from the 3 different fertile males, whether fresh or stored for 2-4 weeks in a 4°C refrigerator. There was no significant difference between the SDAD or SDD Test scores obtained during the study (n041 Test runs), and the SDAD and SDD Test scores obtained when analyzing commercial patient samples on a weekly basis (n048 Test runs. This is important for 2 reasons: 1) All study and patient sample SDAD and SDD Test scores are presented as % of the fertile male control, and 2) Fresh sperm samples are not required for obtaining reproducible results when analyzing sperm in the SDAD and SDD Tests.
ICSI cycle failures
Failed ICSI attempts at pregnancy were grouped according to types of failure when SPA, SDD and SDAD Test scores were either positive or negative (Table 6 ). All but 1 of the patients with abnormal SDAD Test scores≥ 120 had normal SDD Test scores and were included in Patient Categories 2 and 4 ( Table 4 ). The patient, whose sperm had an abnormal SDAD Test score of 127.9, and an abnormal SDD Test score of 71.7, was the first and only patient in the study identified to have accelerated sperm DNA decondensation with an abnormal SDD Test score. This patient is believed to have a false positive SDD Test score resulting from scoring some of the sperm pronuclei with very recondensed DNA, as partially decondensed sperm pronuclei. Early on in the study, it became clear that patients with abnormal SDAD scores had both accelerated sperm DNA decondensation, and recondensation (Figs. 2 and 4 ). In the other 12 patients in this study with abnormal SDAD Test scores, and in over 70 patients with abnormal SDAD Test scores identified to date, since finishing this study (unpublished data), all of these patients had normal SDD Test scores.
It is interesting to note that when female factor is minimized as described in the Materials and Methods section, 5 of the 13 patients with abnormal SDAD Test scores had pregnancies from their ICSI cycles. However, all of the pregnancies ended as SABs within the first 12 weeks of pregnancy (range 6-11 weeks).
What patient parameters had a significant correlation with the SDAD test's utility in predicting ICSI outcome?
Multiple logistic regression analyses were performed to identify factors that correlated significantly with SDAD Test score ranges found to predict ICSI outcome. The male and female average age, and standard andrology test results were evaluated, and shown in Table 7 .
Other parameters were also evaluated including: normal and abnormal SPA scores using gradient prepared sperm, normal and abnormal SDD Test scores, total number of eggs obtained, fertilization rate, grade or quality of the fertilized eggs (Day 5 embryos), and # of embryos transferred, for each of the 60 ICSI cycles. The only significant correlation between results obtained for abnormal vs. normal SDAD Test scores (p<0.05), was related to sperm count (Table 7) .
Discussion
Rationale for using a panel of tests to evaluate male infertility pre-ART There is an increasing demand for more advanced and sophisticated diagnostic tests to examine the behavior and quality of human sperm in a variety of conditions so as to elucidate abnormalities in the most critical aspects of sperm structure and function related to male infertility. A panel of tests will likely be required to evaluate the multiple critical processes that must occur initially during fertilization, as well as what must occur both pre-and post-fertilization in order to produce an embryo that will result in a live birth approximately 9 months post-conception [58] .
Tests of DNA integrity are going to be an important part of the overall evaluation of male infertility as use of sperm with damaged DNA in ART has been linked with adverse clinical outcomes, including an increased risk of miscarriage and morbidity in the offspring, including childhood cancer [6, 7] . However, DNA integrity test scores must be critically evaluated for utility in directing infertile couples to the 'best' ART keeping in mind that there is a significant increased risk of birth defects in the offspring from couples who had successful ICSI attempts at pregnancy; a risk not found for the offspring from couples with successful IUI, and/or IVF-ET attempts at pregnancy [19] . The increased risk of birth defects is believed to be a result of the invasive ICSI procedure where a sperm is mechanically introduced into an oocyte. As panels of male infertility tests are developed, both the new, and older established male fertility tests that will be included in the panel, need to be evaluated for utility in directing infertile couples to treatment(s) with the highest chance of a live birth outcome, with the lowest risk of birth defects. This is very important if a DNA integrity test will be included in the panel as DNA integrity testing has recently been challenged as not having clinical relevance when used to evaluate male infertility [59] . The need to reevaluate old test scores is best illustrated by how a reevaluation of the use of the SCSA DNA fragmentation index (DFI) scores has dramatically changed how the test results are used to direct patients to appropriate ART [16, 17] . The SCSA is the only DNA integrity test with substantial scientific literature supporting the credibility of this test for use in diagnosing male infertility, and up until 2007, patients whose sperm had a DNA fragmentation index (DFI)≥30 were told that their sperm had minimal to no chance for successful ART attempts at pregnancy [22, 31, 32] . However, as the number of clinics using ICSI in treating their infertile couples, this DFI cut-off began to be questioned as many groups using sperm with DFIs of 30 or higher were having excellent live birth outcome rates [23, 43, 60] . The reason for what many interpreted to be a loss of the SCSA's utility to predict ART outcome was not understood until the SCSA was evaluated for utility in predicting live birth outcome in each of the commonly used ART treatments, analyzing IUI, IVF, and ICSI live birth outcome as separate data sets. When this was done, it was found that the DFI significantly predicted live birth outcome in IUI cycles, but had no utility in predicting IVF or ICSI live birth outcome [16] . At present, the suggested course of treatment for patients with abnormal SCSA scores is that they be directed to ICSI, as this procedure has a higher live birth outcome rate than IVF. However, based on what is now known about the increased risk of birth defects when using ICSI [19] , it may be prudent to direct infertile couples where the male has an abnormal DFI score, to IVF, rather than ICSI. It is important to have pre-ART tests that have utility in detecting males producing sperm with compromised sperm structural and genomic integrity. The results from this study indicate that 56 of the 60 ICSI cycles resulted in good quality embryos for transfer, with only 4 of the 60 ICSI cycles having poor embryo development, with no embryos transferred (Table 6 ). This indicates that sperm can have compromised structural and/or genomic integrity that when used in IVF or ICSI attempts at pregnancy will result in normal looking embryos that are transferred, and in many cases will result in a pregnancy. However, without such pre-ART testing the treating physician will be using sperm in IUI, and transferring embryos 5 days post-IVF, and/or -ICSI, that will result in pregnancies, but these pregnancies will in most cases miscarriage during the first trimester as occurred in this study.
Some abnormal SDD Test responses are believed to be a result of exposure to reproductive toxicants that directly affect the chromatin such that there is either a delay, or an enhancement of in vitro decondensation, depending upon the type of exposure. For example, exposure to alkylating agents causes a delayed decondensation [48, 49] .
On the other hand, in vitro exposure to reactive oxygen species (ROS) resulted in membrane damage [52] that is linked with an increase in ROS induced DNA oxidation that renders the sperm unable to fertilize the oocyte or produce a viable pregnancy [24, 29, 38, 41, 53] . The resulting increase in the kinetics of decondensation (accelerated decondensation), as well as an increase in the recondensation kinetics shown in Figs. 2 and 4, may be a result in altered quantities, or enzyme activity of activation factors related to the decondensation/recondensation processes, again due to the damaged membrane [12-14, 34, 44, 45, 47] . This supports the study hypothesis that the 5 min time point (SDAD Test) could be used to identify a new subgroup of infertile males with ROS damaged sperm observed to have accelerated DNA decondensation that would have normal SDD Test scores. During the course of this study, the 5 min time point was shown to be a novel male fertility test; the sperm DNA accelerated decondensation (SDAD) Test, and was the second test making up the panel that was evaluated for utility in predicting ICSI cycle outcomes.
The SPA was chosen as the third test for this study to evaluate utility in predicting ICSI cycle outcomes; a test already known to predict IUI and IVF outcomes [27, 35, 36] . This test is also a physiologically relevant sperm function test performed in vivo (live sperm fertilize live oocytes), that focuses on the events required for a sperm to penetrate the oocyte.
Can the SDAD test, SDD test, and/or SPA predict ICSI outcome as stand-alone sperm function tests?
Upon un-blinding the study as described in Materials and Methods, of the 60 ICSIs performed, 40 % resulted in live births (negatives) with 60 % failing ICSI (positives) postconception (Table 6 ). The average age of the 60 women enrolled in this study was 33.6±3.8 SD. The ICSI study, and clinic overall delivery rate for women in this age group was 40 %. The average delivery rate for women in the study, and SART member US clinics, in the age groups: 37-35, and< 35, was 37.9 % (www.sart.org, sortcors/online).
SDAD test
Of the three tests evaluated, the SDAD Test was the only test highly significant utility for predicting ICSI outcome as a stand-alone test, with a PPV (true positives)0100 %, and a specificity (true negatives)0100 % (p00.001). The SDAD Test had limited capacity to predict false positives (sensitivity036.1 %) and negatives (NPV 051.0). When evaluating a test like the SDAD Test for capacity to predict a treatment's outcome, the sensitivity for this test is not an accurate measure of the predictive capacity of the test. The PPV and specificity are the key indicators of predictive capacity if the p value is less than 0.05.
Treatment option
In an ongoing multi-site study (n010), 249 males have had their sperm evaluated in the SDAD Test before starting the males on a daily dose of anti-oxidants that includes Acetyl-LCarnitine, Vitamins C (200 mg) and E(400 IU). Twenty eight (11.2 %) of these males were found to have abnormal SDAD Scores≥120. To date, 10 of these males have had repeat samples analyzed after 2-6 months of anti-oxidant therapy (AOT) with 8 of the 10 male's having their scores significantly lowered to normal scores (<120; t-test, p00.01). A retrospective study of this group of men is planned to determine if the significantly improved SDAD scores translates to a significant increase in live birth outcome [15] ; unpublished data). In another study, pregnancy rates were significantly increased in males given daily doses of 1 g amounts of Vitamins C and E for 2 months [25] . Based on these results, the suggested therapy for males with abnormal SDAD Test scores is AOT for 2-3 months followed by a repeat SDAD Test. If the score is negative (<120), the couple should be scheduled for an ART cycle.
SPA and SDD test
The SPA or SDD Test have limited to no utility as standalone tests in predicting ICSI failure or success (Table 3) .
However, both tests predict IUI and IVF as stand-alone tests [13, 14, 35, 36] .
Treatment option
If only the SPA or SDD Test scores are used in determining treatment options, 23 of the 60 (38.3 %) of the couples with male factor infertility (SPA scores<14 or SDD Test scores< 80), that in this study was 38 % or 42 %, respectively; such couples will not benefit from IUI, or IVF. Because the ICSI delivery rate is essentially the same whether the male had positive or negative SPA or SDD Test scores, these couples should be scheduled for an ICSI cycle.
Combined SPA and SDD test scores (≥ 14 and<80, respectively) have utility for predicting ICSI outcome in a sub-group of infertile couples: how and why When grouping the 60 study couples into 4 Categories based on the male's SPA and SDD Test Scores (Table 4) , only the Category 3 group was found to have utility in predicting ICSI outcomes. In this group, Ten of the males (17 %) had negative SPA and positive SDD Test scores, with a PPV (true positives)090 %; a specificity (true negatives)095.8 % (p0 0.03 %; Table 4 ). This was the only category of patients with no abnormal SDAD scores (true positives Only 1 ICSI cycle resulted in a live birth (Table 4) .
Treatment options for category 3 couples (n010)
The 1 couple with a successful ICSI cycle requires no treatment.
The 9 patients with failed ICSI cycles should be evaluated for exposure to agents known to negatively affect male reproductive health by having these patients review a list of the common agents known to negatively affect fertility including, medications, recreational drugs, alcohol, oxidative stress, cigarette smoking, environmental toxins, and even use of cell phones [1, 2, [4] [5] [6] [7] 50] . If possible, these patients should be removed from agents that they identify may be causing their infertility for 3 months, and then retested to see if their SDD Test score has improved. If improvement is seen, another ART cycle should be scheduled for the couple.
Category 1, 2, and 4 couples
The other 3 categories of the patients include the males with abnormal SDAD Test scores; the 13 couples with a 100 % failure rate. Patients in these 3 groups have NO significant utility in predicting ICSI outcomes based on p values≥0.05, PPV, NPV, sensitivity and/or specificity values < 80 % (Tables 4 and 6 ). The parameters identified to correlate with the SDAD Test's utility in significantly predicting ICSI failure apply to couples in Categories 2 and 4. Apparently the patients in Categories 1, 2, and 4 have the patients with false positive and negative SPA and SDD scores that explain why the stand-alone use of either the SPA or SDD Test scores have no utility in predicting ICSI outcome (Table 3) .
Treatment options for category 1, 2, and 4 couples (n050) Any couple where the male has an abnormal SDAD Test score should be given anti-oxidants for 3 months as described above for the 21.7 % of the males in this study had abnormal SDAD Test scores. When such males' repeat SDAD Test score is normal (<120), the couple should resume ART attempts at pregnancy that can include all ART.
Category 1 couples (n015), 25 % of the 60 couples enrolled in this study, had males with a significant number of false positives and negatives (low sensitivity and NPV percentages, respectively), and a significant utility in predicting ICSI (p<0.05), should be fast-tracked to ICSI.
Category 2 and 4 couples with normal SDAD and SDD Test scores (36.7 % of the couples in this study) can be directed to IUI, IVF, and/or ICSI with the chance for a successful ART attempt at pregnancy that will be equal to the fertility clinic's reported delivery rates dependent upon which ART is used.
Summary
The results from this study support using a panel of male fertility tests that includes physiologically relevant sperm function tests that will evaluate overall sperm functionality and genomic integrity. Ideally, the panel test scores will give the treating physician options for their patients that maximize successful ART live birth outcomes while minimizing an increased risk of birth defects, higher than what is observed in offspring conceived naturally.
